A dataset consisting of structures and aqueous solubility and melting point data for 51 salt forms of the phenylethylamine base methylephedrine is presented. Analysis showed correlation between solubility and melting point and between melting point of the salt and melting point of the parent acid, but no correlation of salt solubility with solubility of the parent acid.
Introduction
In industry salt forms of active pharmaceutical ingredients (APIs) are routinely screened with a view to finding a solid-state form that enhances some useful physicochemical property of the API. Often the main such property of interest is the aqueous solubility of the API, due to the relationship of solubility to dissolution rate and hence to bioavailability. [1] However, the links between salt form, solid-state structure and solubility (or indeed other properties) are currently poorly understood, making it largely impossible to accurately predict that a given salt form of an incubator at 25 o C for three days to ensure equilibrium had been reached. The saturated solution was then extracted from the slurry by centrifugal methods (6000 rpm for 10 mins).
The solubility was determined by measuring the UV absorbance of the cation. A calibration curve was established for methylephedrine dissolved in DMSO, within the linear domain of the Beer-Lambert law. Five points within the 0 to 1 absorbance domain were used to establish a linear relationship between the absorbance of the cation and the molarity, with a R 2 >99.9 %. (An independent calibration curve using salt forms rather than the free base was also constructed and comparison of the two methods showed that they gave identical results). The weighing and dilution of the calibration was checked by the preparation of quality control standards at 100 % and 10 % with an acceptability limit of 10 %. All salt solubility measurements were obtained in duplicate by diluting the saturated solution with DMSO until the absorbance fell within the linear response of the calibration curve. DMSO was used in preference to water to prevent potential problems with salting out.
Solubility analysis was performed using an Agilent 1200 UPLC, with a Waters X-Bridge column (C18, 5 μm, 2.1 x 50 nm). Measurements were made with a column temperature of 60 o C and a gradient mobile phase at a flow rate of 1.00 ml/min, commencing with phase A (0.1 % NH4 + H2O, milli Q) and phase B (0.1 % NH4 + ACN, HPLC grade) at 95 % and 5 % respectively for 0 minutes. The gradient was then introduced over a period of 2 minutes to reach a final ratio of 5 % A and 95 % B, which was held for a further 0.3 minutes to insure all analytes had eluted form the column. The quantitative analysis of cation in the salt sample was determined using a UVVis detector at both 230 nm and 254 nm. The data was collected and processed using Chromeleon software. [20] Table 1 shows the average values achieved for the solubility measurements, given in mol dm -3 of the cation. Single Crystal Diffraction. Crystals were grown from aqueous solution. Measurements were made at low temperature using graphite monochromated radiation. Structures were solved by direct methods and refined to convergence against F 2 using all independent reflections. [21, 22] Selected crystallographic and refinement parameters are given in were refined against collected data using the Pawley method as implemented in DASH. [23] Data are presented in the ESI. X-ray powder diffraction was used to check that the measured single crystal diffraction structures were representative of the bulk material. The samples were first ground to achieve a fine powder which was analysed to check the purity of the bulk sample.
After the saturated solution had reached equilibrium (see solubility measurements, below) the wet powder recovered was analysed to check the phase of the material for which solubility was recorded. Samples were presented "wet" in an attempt to prevent unwanted phase transitions. A phase change was observed to occur during the slurry experiment for the EDS salt of RMePD.
Results and Discussion; Aqueous solubility was determined by initially forming slurries of salt forms of enantiopure (-) methylephedrine (MePD) or racemic methylephedrine (RMePD), such that the saturated solution phases were in equilibrium with the solid-salt phases. Solubility measurements were only included in this work where PXRD indicated that the solid phase present in the slurry matched that of a known SXD determined structure for a methylephedrine containing compound. This gave a total of 53 aqueous solubility values, each matched to a specific crystal phase. These were for 26 enantiopure MePD salts, 22 racemic RMePD salts, 3
for salt forms of RMePD that were racemic-conglomerates, and both the enantiopure and racemic-conglomerate forms of the free base, see Table 1 . (Note, a racemic-conglomerate consists of a mechanical mixture of equal amounts of (-) and (+) crystals of methylephidrine). [24] Six of the salt forms were found to be hydrated species. Of the 48 independent salt single crystal structures, we originally described 28 in reference 18 and 20 are reported here for the first time. General trends in solubility for methylephedrinium salts with respect to cation type.
The enantiopure and racemic free base forms were found to have solubilities of 0.048 and 0.102 mol dm -3 of cation respectively. From Table 1 , most of the salt forms were more soluble than these (range 0.035 to 4.132 mol dm -3 , a range covering 2 orders of magnitude) but 4CBMePd, 4CBRMePd, 3NBRMePD and 4NBRMePD were all less soluble than the racemic free base (0.035 to 0.066 mol dm -3
). Forms with para-toluate were also barely more soluble than free base.
These lowest solubility forms are all salts of para-or meta-substituted benzoates. Figure 1 categorises solubility by anion. Solubility values were arbitrarily described as "sparingly by comparing the other two pairs of compounds here that feature a hydrate and an anhydrous from, the salts of 3CB and 4HBS. Neither shows the same behaviour as EDS and indeed for 3CB the hydrated enantiopure material is clearly more soluble than the anhydrous racemic species, Table 1 . Davey has presented and analysed solubility data on a series of 17 salt forms of ephedrine. [17] In that work the BS salt of ephedrine was noted as being of markedly low solubility and it was reasoned that this was due to the hydrophobic phenyl group. This observation for ephedrine does not translate to methylephedrine, as BSRMePD is found in our very soluble category. There are eight pairs of enantiopure MePD and racemic RMePD salts that are otherwise chemically identical and which can thus be directly compared with respect to their solubility, see Figure 2 and Table 3 . These are composed of four benzoate-derived salts, two carboxylate salts and two halide salts. For these species, the average enantiopure solubility is 1.466 mol dm -3 , 22
% greater than the average racemic solubility of 1.181 mol dm -3 . Close examination of the data shows that the average difference is largely because of the large differences found for the oTol and Cl salts. The melting points of these two pairs are also very different with the more soluble species having lower melting points. However, the case of 3FB shows that a large melting point difference does not need to mean a large difference in solubility, Table 1 and Figure 2 species. Thus it has been argued that enantiopure species must be packed less efficiently and less densely than racemic equivalents and that this must effect other properties such as enthalpy. This is Wallach's rule. [26] Experimentally, it has been shown that enantiopure species are indeed on average less dense than racemic equivalents, [18, 27] but that this is caused by a small number of pairs that have large differences that favour more dense racemates. For any given individual pair, Wallach's rule does not necessarily hold as can be seen from the density values in the ESI and elsewhere. [18, 27] This is reminiscent of the solubility results presented here.
The racemic free base and three of the racemic salts (4HB, 4CB and pTol) do not from racemic crystals, instead racemic conglomerates of (-) and (+) forms are found. Note that the 4CB and pTol species are isomorphic and isostructural. Meyherhoffer's double solubility rule states that the solubility of a racemic conglomerate should be double that of its enantiopure equivalent. [28] The free base obeys this rule, Table 3 , as does the 4HB salt. However, the two isostructural salts do not. This is presumably because the rule is intended for non-electrolytes (as the sharing of achiral anions in solution gives non-ideal behaviour). [29] All conglomerates reported here do have the expected lower melting points when compared to their enantiopure equivalents.
[30]
Correlation of physical properties for (1R,2S)(-) methylephedrinium benzoate-derived salts.
In an initial attempt to find correlations between measured physical properties, solubilty, melting point, density and molecular weight of the salt forms and the solubility and melting point of the parent free acids were compared. Initially this was done using all 51 salt forms, but this gave unclear and unsatisfactory results, see as an example Figure 3 . Instead data plots were constructed for chemically related groups. This was found to give clearer trends. The most interesting results are presented in this section with further analysis available in the ESI.
There were 14 enantiopure MePD benzoate-derived salts where solubility measurements were obtained and where the solid-state phase of the slurry was confirmed by PXRD. Of these 14 salts, three are monohydrates and the remainder are anhydrous. Prior work based on fundamental considerations of dissolution as an equilibrium between solid and solution phases has shown that hydrated and anhydrous forms of materials should have different behaviour and thus these should be considered separately. [25, 31] Figure 3. Illustration of an attempt to find correlations using all data in the sample, R 2 = 0.1141.
It is well known that melting point often correlates with log solubility and so this was the first relationship to be investigated. [17, 32, 33] For the enantiopure MePD benzoate derived salts, a plot of log solubility versus melting point showed a linear association between the values for the anhydrous salts, see Figure 4 . As expected, the salts with the lowest melting points have the highest solubility. The values for the hydrated salts do not correlate to those of the anhydrous salts. Variable line fit and residual plots for this data are given in the ESI and show that the anhydrous data is homoscedastic (there is constant variance throughout all the data points) which is in agreement with the data being linearly correlated. This correlation, although containing a large associated error, is similar to other reported correlations which contain fewer data points. For the MePD benzoate species a correlation was also found between the melting point of the parent free acids and the melting points of the salts formed from these, with high melting point free acids giving generally higher melting point salts, see Figure 5 . Similar associations have been discussed by Gould. [32] Analysis given in the ESI confirms the data is homoscedastic. As might be expected, the hydrated species do not lie on this trend line. As associations were found between melting point of salt and solubility and between melting point of free acid and melting point of the salt, we also examined possible correlation between melting point of the free acid and the solubility of the salt. Figure 6 shows a rough trend with high melting free acids giving low solubility salts, but this cannot be said to be a linear relationship. In other analyses for the 14 benzoate-derived salts of MePD, only a weak association was observed between solubility and molecular weight and no associations were found between density and either melting point or log solubility, see ESI. Nor was any association found between solubility of the salt and solubility of the parent free acid, Figure 7 . This last observation is surprising because many previous studies have shown correlation between these two features for both salt and cocrystal forms. [15, 34, 35] Measurement of solubility is notoriously variable and observed results are highly dependent upon method used. [36] The free acid solubility values used here were averages taken from a literature compendium rather than measured using a similar method to that used for the salt forms. [36] However, it is hard to see how even gross errors due to mismatch between techniques could compensate for the complete lack of association shown in Figure 7 . 
Correlation of physical properties for (+/-)methylephedrinium benzoate derived salts.
The same analyses as above were also performed for the racemic RMePD salts of benzoatederivatives. There are 13 salts that are to be considered in this group. These consisted of 10 racemic crystalline anhydrous salts and three salts that spontaneously resolved to form racemic conglomerates. Similar associations and lack of associations were found as for the enatiopure As seen for the enantiopure forms above, the melting point of salt and log solubility data shows association, Figure 8 . The racemic crystal and racemic-conglomerate data all appear to fit the same line. It was found that the graphs produced for the anhydrous enantiopure and racemic methylephedrinium salts are equivalent within the errors of the data and therefore all the data can be collated together. This has been shown in Figure 9 . The other data that shows a reasonable linear correlation for the RMePd salts is a comparison of the melting points of the free acids and the melting points of the salts. Here again the data for the MePD and RMePD compounds matches and so a combined graph can be produced, Figure 10 .
Again, the hydrated data is excluded and the conglomerate data is included. Correlation of melting point and solubility for methylephedrinium sulfonate, carboxylate and halide salts.
The benzoate-derived anions discussed above formed a relatively large and systematically variable subset of data. The remaining samples (sulfonate, carboxylate and halide salts) formed smaller and/or much more chemically diverse groupings. We believe that these features hindered identification of associations. As it has been shown that the enantiopure and racemic methylephedrine salts of benzoate anions can be analysed together, all further analysis combined
MePd and RMePd results in order to increase the number of data points in the analyses. Figures   12 and 13 show the results for examining melting point and salt solubility for the carboxylate and sulfonate groups respectively. These groups illustrate the difficulty experienced even where a reasonably strong correlation is expected. Both roughly hold to the concept of low solubility For the halide salts there appears to be a linear correlation between the melting point and the log solubility, see Figure 14 . Interestingly, it has a positive association in comparison to the negative association seen with the benzoate salts -in other words, against all expectations here high melting point correlates to high solubility. For the melting point and the solubility the halide sequence is I < Br < Cl, so polyiodide has a low melting point and an unexpected low solubility.
The reason for this reversal from what may be expected from solid-state data may lie in the nature of the solution phase, [17] where chloride is known to have a much greater hydration energy than the heavier halides. Whatever the reason for this anomaly, it highlights the utility of separating the data out into chemically related classes and the risks of assuming that all salt forms of an API follow the same trends. A tree diagram illustrating structural similarity with respect to cation packing in methylephedrine salts was published in reference 18. It has been updated by adding the structures of the salt forms elucidated for this work and then recalculating all relationships. [37] There are three groups at the bottom of the structure tree diagram which are isostructural with respect to their cation packing and which contain more than two salt forms, see figure 15 . These groups were examined for any trends or similarities in the data, as it may be expected that isostructural groups should have greater internal similarity with respect to other structures, due to their packing similarities.. This indicates that similarity in packing structure leads to greater similarity in property behaviour.
Investigation of different isostructural groups and effect on solubility
For group 6 the structures that were isostructural for all 15 cations in a cluster were the enantiopure benzoates 2NBMePD (the sole hydrate in the group), 3ABMePD and 3FBMePD.
For the analysis we also added to the group the closely related structures of 4HBSMePD, 4NBMePD and 4NBRMePD, see Figure 15 . These additions make the group chemically varied, as they include both enantiopure and racemic cations and a sulfonated anion in addition to the benzoates. Excluding the one hydrated structure, a linear correlation between melting point and solubility is found for these chemically diverse species. The linear correlation has the equation log y = -0.0376x + 5.2441 with R 2 = 0.6444, see Figure 18 . The lower R value than for structural groups 4 and 5 presumably reflects the greater structural and chemical diversity of group 6. The correlation observed for group 6 also implies that similarity in cation packing leads to similarity in solubility regardless of the counterion, be it a sulfonate or benzoate. 
Conclusion.
A dataset for use in understanding aqueous solubility in pharmaceutically relevant molecular salts is presented. Crystal structures and solubility values for 51 salt forms, which all share a common cation but with variable anions are presented. Care has been taken to ensure that the solubility values given are phase specific, i.e. they are all tied to a well characterised single crystal structure determination. Other systematic features are that all solubility values were measured under the same conditions and in the same way and that anions were chosen so as to include systematic variation of anion structure. It is hoped that both other groups and our own can use this dataset as a future resource for probing the relationships between anion identity, solid-state structure and solubility of APIs.
In our initial analysis, it was found that identifying correlations between properties was aided by extracting from the data chemically sensible classes e.g. by looking at the salt forms with benzoate-derived anions rather than the set of all anions. This allowed reasonable associations to be found between solubility and melting point and between melting point of the salt and melting point of the parent acid. Other associations were weaker or non-existent. Interestingly there was no correlation observed between solubility of the salt and solubility of the parent acid. The need to separate compounds into chemically similar groups was illustrated by comparison of the halide and benzoate salt forms. The benzoates gave the expected association of high melting point with low aqueous solubility but the halides unexpectedly reversed the situation. For the halides high melting point correlates with high solubility. This may imply that solid-state structure plays a greater role than solvent interactions for determining solubility of the benzoate salt forms but that the reverse is true for the halide forms. Finally, correlation is further improved by looking only at groups of compounds chosen for similarity in cation packing. The improvement in fit between solubility and melting point data dependant on packing implies an experimentally observed role for packing structure in determining solubility.
